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ABSTRACT 
 
Recent research suggests that brackish, marine-derived groundwater up-wells in 
the oligohaline ecotone of the coastal Everglades, bringing with it phosphorus to 
an otherwise phosphorus-poor environment. The purpose of this study is to 
estimate the rates and timing of the groundwater discharge by using variable-
density groundwater models constructed, calibrated, and validated with field 
measurements of hydraulic head and surface and subsurface temperature. 
Modeled groundwater discharge rates ranged from 5.4E-04 mm/day in August to 
-1.3E-03 mm/day in June for Shark Slough and 4.8E-01 mm/day in June to -
1.4E-01 mm/day in January for Taylor Slough, where positive values imply 
groundwater discharge and negative values imply groundwater recharge. These 
results indicate that groundwater discharge rates during the period of study were 
low and perhaps a negligible source of marine-derived phosphorous in the 
oligohaline ecotone of Shark Slough but much higher and perhaps significant 
source of marine-derived phosphorous in the oligohaline ecotone of Taylor 
Slough.
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INTRODUCTION 
 
The oligohaline ecotone of the coastal Everglades is a dynamic tropical 
ecosystem dominated by freshwater inflows from the north and saline inflows 
from the south and west. Oligohaline is defined here as low salinity but not 
freshwater. The southern Everglades have two main surface-water flow paths: 
the larger of the two in the west is Shark Slough while the smaller of the two in 
the east is called Taylor Slough. The oligohaline ecotones on these sloughs are 
important mixing zones, where nitrogen-rich but phosphorus-poor freshwater 
mixes with phosphorous-rich but nitrogen-poor seawater (Childers, 2006). Where 
this occurs, primary productivity peaks, though where these peaks occur differ 
between the two sloughs, with primary productivity peaking at the seaward extent 
of Shark Slough but peaking in a pronounced spike in the oligohaline ecotone of 
Taylor Slough (Figure 1) (Childers, 2006). This leads to the question: what is the 
source of the phosphorus in the oligohaline ecotone, particularly in Taylor Slough 
where it cannot be a simple mixing of fresh and saline surface water?  
One potential source is marine-derived phosphorus from the discharge of 
brackish, phosphorus-rich groundwater. Phosphorous-rich seawater intrudes into 
the subsurface of the near-shore terrestrial environments due to a variety of 
forcings. One such forcing is tidal forcing which continuously drives the interface 
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Figure 1: Conceptual model of productivity in southern Everglades. Based on diagram in 
Childers (2006). 
 
between freshwater and seawater shoreward and seaward, which facilitates 
mixing between the two in the surficial aquifer (Taniguchi et al., 2002; Barlow, 
2003). Another such forcing is wave set-up where breaking waves send pressure 
pulses that drive seawater shoreward (Taniguchi et al., 2002). Still another such 
forcing is convection, such as Kohout convection. This type of convection occurs 
along coastlines, typified in the Biscayne aquifer of south Florida, and is caused 
by geothermal heating of cold, deep seawater, forcing it upwards where it mixes 
with discharging freshwater (Hughes et al., 2007). These forcings can create a 
circulation, with seawater intruding, rising, and mixing with the overlying 
freshwater and finally discharging along the coast. Additional seawater then 
moves landward to replace the discharged water (Barlow, 2003).  
Brackish, phosphorous-rich groundwater has been observed under the 
oligohaline ecotone (Price et al., 2006). This brackish, phosphorus-rich 
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groundwater is clearly seawater that is intruding, which may then rise, mix with 
the overlying freshwater, and discharge to the oligohaline ecotone (Price et al., 
2006; Zapata-Rios, 2009; Saha et al., in review). Some recent studies have even 
narrowed down the timing of the groundwater discharge to the dry season, 
starting in the fall and ending in late spring (Price et al., 2006; Saha, in review).  
Hydraulic gradients are small so associated groundwater discharges also 
must be small, making it difficult to obtain accurate estimates by any single 
method. Previously, water budgets (Zapata-Rios, 2009; Saha, in review) and 
geochemical tracers (Chris Smith, unpublished data) have been used. To better 
constrain these estimates, groundwater discharge was quantified in this study by 
using variable-density groundwater models calibrated and validated with 
subsurface temperature measurements following methods demonstrated in 
riverine (Stonestrom and Constantz, 2003) and near-shore marine systems 
(Taniguchi et al., 2003). Groundwater temperatures in the aquifer systems 
underlying the Everglades are ~25 oC year-round, while surface-water 
temperatures at the litter layer in Shark Slough range from ~10-40 oC over the 
course of the year (Riscassi and Schaffranek, 2004). Therefore, for this study, 
temperature is used as a natural tracer to study surface water-groundwater 
exchanges in Shark and Taylor Sloughs over the course of seasonal and tidal 
cycles. Where differences in temperatures exist between two points along a flow 
path, heat will flow between those two points by conductive and advective 
mechanisms. Therefore, the advective heat flux, i.e., the flow of heat due to 
moving water, can be used as a calibration tool to estimate seepage and leakage 
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rates (Stonestrom and Constantz, 2004; Anderson, 2005). The use of heat as a 
tracer has several distinct advantages over natural and/or injected geochemical 
tracers. For one, the signal, temperature, is natural. Temperature is also a robust 
and relatively inexpensive parameter to measure. And lastly, temperature data 
are immediately available for inspection and interpretation (Stonestrom and 
Constantz, 2003).
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LOCATION AND SETTING 
 
The southern part of the oligohaline ecotone in the coastal Everglades is 
comprised of two main surface-water flow-paths called sloughs. The larger of the 
two, Shark Slough, is located in the west and discharges to the Gulf of Mexico. 
The smaller of the two, Taylor Slough, is located in the east and discharges to 
Florida Bay. A limestone ridge with an elevation ranging from 1.5 to 2.5 meters, 
separates the two drainage basins. The oligohaline ecotone is located at the 
transition between the freshwater ridge and slough environments and the 
saltwater estuarine environments (Childers, 2006). There is a large tidal influence 
in Shark Slough (Saha et al., in review) that is not seen inTaylor Slough, which is 
restricted in its connection to Florida Bay due to a high topographical relief called 
the Buttonwood Ridge separating the two (Sutula et al., 2001). 
 
Climate 
 The climate of the oligohaline ecotone of the coastal Everglades is 
characterized as subtropical savanna with distinct wet and dry seasons (Hela, 
1952). Annual rainfall is 1196 mm/yr, with ~72% falling during the June-
November wet season and 28% falling during the December-May dry season 
(Southeastern Regional Climate Center Data for the Flamingo Ranger Station, 
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1962-2010). The wet season rains are mainly caused by a combination of 
tropical systems and afternoon convection thunderstorms. (Obeysekera et al., 
1999). This binary wet/dry seasonality drives the freshwater inputs from the 
north. 
 
Hydrogeology and Soil Characteristics 
 The oligohaline ecotone of the coastal Everglades in underlain by three 
primary hydrostratigraphic units: the Floridan aquifer system below ~300 m below 
sea level; the intermediate confining unit between ~150-300 m below sea level; 
and the surficial aquifer system (SAS) above ~150 m below sea level. The top of 
the SAS is land surface and the base of the SAS is defined as when the 
permeability has a significant change. The SAS is further broken down into four 
layers. The top-most layer is the Biscayne aquifer, a highly transmissive unit 
comprised mostly of the Fort Thompson, Key Largo, and Miami limestone 
formations. Underlying that is the gray limestone aquifer, which is separated from 
the overlying Biscayne by a semi-confining unit. At the base is a low permeability 
unit comprised of clay and sand (Fish and Stewart, 1991). The Biscayne aquifer 
has hydraulic conductivities of over 3,000 m/day (10,000 ft/day), however, 
transmissivities in the Fort Thompson and Key Largo limestone decrease rapidly 
to the west (Fish and Stewart, 1991). The groundwater underlying the oligohaline 
ecotone is brackish, with salinities between 15 and 20 psu (practical salinity 
units) in both Shark and Taylor Sloughs (Price et al., 2006). 
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 The soils in the oligohaline ecotone of Shark Slough are primarily 
mangrove peat (Obeysekera et al., 1999). In the study area, soils are 2.0-4.0 m 
in thickness and can be categorized as hemic. The soils in the oligohaline 
ecotone of Taylor Slough are primarily peaty marl (Ewe et al., 2006). This soil 
type is located throughout the southeastern Everglades and northeast Florida 
Bay. In the study area, soils are 1.0-1.5 m in thickness.  
 
Vegetation 
 The vegetation in the oligohaline ecotone of Shark Slough is typified by 
mangrove forests consisting of three species: Rhizophora mangle L. (red 
mangroves), Avicennia germinans (L.) Stearn (black mangroves) and 
Laguncularia racemosa (L.) Gaertn. (white mangroves). They form a continuous 
band 10-20 km in extent, from the Gulf of Mexico to the upland limit of periodic 
saltwater influence (Chen and Twilley, 1999). 
 The vegetation in the oligohaline ecotone of Taylor Slough also is typified 
by mangrove forests, but unlike the trees seen in Shark Slough, the mangroves 
in Taylor Slough are dwarfed in stature. The main species here is R. mangle, 
with tree height varying from 0.9 to 1.2 meters. There are also a few scattered 
individuals of dwarf L. racemosa and A. germinans (Coronado-Molina, et al., 
2004).
8 
 
 
 
 
METHODS 
 
Field Sites 
 Two sites in the oligohaline ecotone were chosen, one in Shark Slough 
and one in Taylor Slough (Figure 2). Both sites are part of the Florida Coastal 
Everglades Long-Term Ecological Research (FCE LTER) Program, part of the 
Long Term Ecological Research (LTER) Network established by the National 
Science Foundation and committed to the study of natural processes and how 
human activities affect ecosystem and population dynamics in the oligohaline 
ecotone and the broader Everglades. The site in Shark Slough is located at the 
FCE LTER station SRS 4 (25.4098°N,-80.9643°W) and th e site in Taylor Slough 
is located at the FCE LTER station TS/Ph 6b (25.2161°N , -80.6510°W). 
 
Salinity and Hydraulic Head Data 
The salinity and hydraulic head data for both surface water and 
groundwater for SRS 4 was provided by Gordon Anderson and Tom Smith III of 
the U.S. Geological Survey. The salinity and hydraulic head data for both surface 
water and groundwater for TS/Ph 6b was provided by Rene Price courtesy of 
FCE LTER provisional data.  
 
Figure 2: Location of field
Shark Slough and TS/Ph
 
Instrumentation 
 At each site, two vertical columns of temperature sensors (107
Temperature Probes, Campbell Scientific, Logan, Utah) were installed and 
connected to data loggers (CR1000 Dataloggers, Campbell Scientific, Logan, 
Utah) (Figure 3). The sensors have an accur
ºC. One temperature sensor
above the ground surface
sensors were installed at or below the ground surf
depth intervals that depended on the total vertical extent of the column. 
probes were installed at 0, 50, 100, 150, and
 sites within Everglades National Park. SRS 4 is located in 
 6b is located in Taylor Slough (U.S. Geological Survey, 1999). 
acy of ±0.2 ºC over the range 0
 was placed in a heat shield and was installed 2 m 
 to record ambient air temperature. The remaining 
ace, with varying
 180 cm below the ground
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Figure 3: Diagram of temperature probe arrays. This is an idealized setup for TS/Ph 6b. 
SRS 4 has one more set of probes in the vertical arrays. 
 
with the lowermost temperature sensors just above the limestone bedrock 
contact. At TS/Ph 6b, temperature sensors were installed at 0, 25, 50, and 100 
cm below the ground surface, with the lowermost probes just above the 
limestone bedrock contact. All temperature sensors were installed in the middle 
of May 2010 and data were collected through the middle of April 2011. 
 
Model Design 
 According to Ferguson and Bense (2011), who compared seepage rates 
of analytical heat-flow models to seepage rates calculated by numerical heat-flow 
models, an analytical heat-flow model would over-estimate the flux by several 
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orders of magnitude if the seepage rates are less than 10-7 m/s. Considering that 
the flows in the Everglades are so low, a method using numerical heat-flow 
models was instead chosen. To model the density-dependent flow of 
groundwater, the SUTRA-MS model code is used (Hughes and Sanford, 2004). 
SUTRA-MS (Saturated-Unsaturated Transport of Multiple Species) is based on 
the original SUTRA model code, which models fluid mass, energy, and solute 
balance for variable-density, single-phase, saturated-unsaturated flow and 
single-species transport by using a combination of finite-element and implicit 
finite-difference solutions. SUTRA-MS, the multiple species version, modified the 
numerical methods to allow the addition of modeling transport of multiple species 
as well as flow where the dependence on viscosity and density is needed for any 
of the simulated species (Hughes and Sanford, 2004). This program was chosen 
for its ability to simulate energy flow in saturated, variable density conditions 
caused by changes in heat as well as salinity. 
 Even though one-dimensional conditions of heat flow are being modeled, 
two-dimensional models are constructed using 41x41 elements. This is done so 
that the flows calculated in the middle of the top and bottom rows are not affected 
by edge effects, as might occur if a strictly one dimensional-model were to be 
built. The widths are 1.0 m and the depths vary depending on the specific 
conditions found by coring at each location, with SRS 4 being assigned a depth 
of 1.8 m and TS/Ph 6b being assigned a depth of 1.0 m. The permeabilities also 
vary depending on the location, with SRS 4 being assigned the permeability of 
3.54x10-13 m2 based on the hydraulic conductivity of Everglades peat (Harvey et 
al., 2004) and TS/Ph 6b
the hydraulic conductivity of carbonate m
 The models are constructed with specified boundary conditions of 
temperature and pressure for the top and the bottom rows of nodes. The 
specified temperature boundaries 
temperatures at the tops and bottoms of the temperature arrays, with the tops 
representing the surface
groundwater temperatures. 
are computed by calculating the density of the surface water and groundwater 
based on temperature and 
 
  
 
 
where ρs is the density of the water in 
salinity, T is the temperature in 
calculated based on the following functions of temperature:
 
 A = 8.24493*E-1 - 4.0899*E
 B = -5.724E-3 + 1.0227E
 C = 4.8314E-4 
 
 where T is temperature in ºC. The densities 
using the formula: 
 
  P = ρ*g*h 
 being assigned a permeability of 1.18x10-
ud (Smith and Wheatcraft, 1993). 
are taken directly from the measured 
-water temperatures and bottoms representing the 
The pressures for the specified pressure bounda
salinity (McCutcheon et al., 1993) using the equation:
kg/m3 as a function of temperature and 
°C, S is the salinity in g/kg, and A, 
 
-3*T + 7.6438*10-5*T2 -8.2467E-7*T3 + 5.3675E
-4*T - 1.6546E-6*T2 
are then converted to pressures 
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 m2 based on 
 
ries 
  
  
[1] 
B and C are 
-9*T4 [2] 
[3] 
[4] 
[5] 
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where P is pressure in kg/(m*s2), ρ is the density calculated in equation 1, g is 
the acceleration due to gravity at the latitude of the study site, 9.79 m/s2, and h is 
the height of the overlying column of water in meters (Fetter, 1994). To remove 
short-term fluctuations in the height variable, h, the pressures are calculated 
using a 24-hr moving average of the surface water stage and the groundwater 
heads. 
 The permeabilities are then adjusted through the calibration process by 
calibrating to the permeability multiplier until the leakage rates results in a match 
between the modeled and measured temperatures (Stonestrom and Constanz, 
2004; Kalbus et al., 2006).  
 In this study, models are run only for periods of time when vertical 
hydraulic gradients are positive or negative. Hydraulic gradients are calculated 
from the equivalent freshwater heads, and the differences in head, dh, are 
calculated by subtracting the equivalent freshwater heads of the groundwater 
from those of the surface water. Therefore, hydraulic gradients are positive when 
the hydraulic heads of the surface water are greater than those of the 
groundwater, meaning that groundwater recharge is the dominant flow condition, 
and hydraulic gradients are negative when the hydraulic heads of the 
groundwater are greater than those of the surface water, meaning that 
groundwater discharge is dominant flow condition.  
 These hydraulic gradient conventions, as well as temperature, must then 
meet three criteria to be considered appropriate to select the timings for the 
model runs. First, runs are completed for each site when the hydraulic gradients 
14 
 
are most positive and negative, in order to best describe the range of conditions. 
Second, the 48-hr moving average of the hydraulic gradients has to be fairly 
constant for a period of about 8 days so that pressures will remain constant 
throughout the entire runs. Third, surface-water and groundwater temperatures 
need to be substantially different from one another to allow the flow of 
temperature through the model domain to serve as a useful calibration and 
validation tool. This means that times in the fall and the spring are avoided since 
surface-water and groundwater temperatures are similar to one another as 
surface water cools in the fall and warms in the spring. 
 The model for SRS 4 is calibrated using data collected from August 5-13, 
2010; the model for TS/Ph 6b is calibrated using data collected from June 10-18, 
2010. Both models are calibrated and validated by being run to steady state 
using average boundary conditions for a period of eight days and then transient 
boundary conditions of the subsequent eight days. Both models are calibrated 
using data from one temperature array at each site, and validated using data 
from the other temperature array at each site as well as for different times of year 
when the opposite hydraulic gradient conditions occurred. Modeled and 
measured temperatures are then compared for the eight-day transient period. To 
compare goodness of fit, the root mean square error (RMSE) is calculated for the 
eight-day transient period and compared to the overall range of the temperatures 
throughout the model run (i.e., the difference between the average of the top and 
bottom boundary temperatures). Models are considered calibrated when the 
RMSE is ≤ 10% of the overall range of the temperatures throughout the 
15 
 
calibration model run, and models are considered valid if the RMSE is ≤15% of 
the overall range of the temperatures throughout the validation model run. To 
further analyze the goodness of fit, each RMSE is plotted against the 
permeability multipliers and the value with the lowest RMSE is then confirmed as 
the best-fit calibration. In the case of a suite of permeabilities with the same 
RMSE, the largest permeability multiplier with the lowest RMSE is chosen. This 
results in the calculation of the upper limits of the possible groundwater 
discharge and recharge rates. After the calibration and validation process is 
completed, then groundwater discharge is determined from the fluid mass budget 
of the last time step for the eight-day transient period of the two calibration model 
runs and all subsequent model runs.  
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RESULTS 
 
Hydraulic Gradients 
 Hydraulic gradients at SRS 4 are mostly positive during the study year 
indicating that groundwater recharge conditions dominated (Figure 4). There are 
some short periods of time when the hydraulic gradients became negative 
indicating that groundwater discharge conditions dominated, the longest of which 
was August 5-13, 2010.  
 
 
Figure 4: SRS 4 hydraulic gradient for May 2010 to April 2011. The 48-hr moving 
average is computed to smooth out the daily tidal signals. 
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 Hydraulic gradients at TS/Ph 6b are more variable, with extended periods 
when they are positive and negative (Figure 5). During the end of the dry season 
and the first part of the wet season, May 18-August 25, 2010, hydraulic gradients 
are negative indicating that groundwater discharge conditions dominated. During 
the winter and early spring, December 4, 2010-April 11, 2011, hydraulic gradients 
are positive indicating that groundwater recharge conditions dominated. The 
large gap in data between August 25, 2010 and December 4, 2010 is due to 
mechanical failure of the data loggers collecting both salinity and hydraulic head 
data. 
 
 
Figure 5: TS/Ph 6b hydraulic gradient for May 2010 to April 2011. The 48-hr moving 
average is calculated to smooth out diurnal fluctuations.
Temperature Data 
 Temperature data for SRS 4 were collected May 1
(Figure 6), while temperature data for TS/Ph 6b were collected May 18, 201
April 11, 2011 (Figure 7
water temperatures are more affected by the changes in air temperature than the 
lower soil water and groundwat
overlying soil and water on seasonal warming, 
above the bedrock are delayed behind peak temperatures in the surface water, 
with the delay being six months in Shark Slou
1.8 m, and three months in Taylor Slough, where the depth to bedrock is 1.0 m.
 
Figure 6: SRS 4 temperature profile for May 2010 to April 2011
 
 
9, 2010-April 13, 2011 
). At both sites, surface water and the more shallow soil 
er temperatures. Due to the filtering effects of the 
peak temperatures in the 
gh, where the depth to bedrock is 
.  
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0-
soil just 
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Figure 7: TS/Ph 6b temperature profile for May 2010 to April 2011. 
 
This causes the groundwater to be at its warmest when surface water is at its 
coolest for SRS 4, while at TS/Ph 6b, the surface water is coolest when the 
groundwater temperature is on a cooling trend from its peak. This difference in 
temperature is significant enough to cause an inversion in the profile where the 
warmer layers are the groundwater and lowermost parts of the overlying soil, and 
the coolest layers are the surface water and the uppermost parts of the 
underlying soil. The period during which temperatures are inverted is roughly the 
same for both sites.  
 
Model Calibration and Validation 
 The SRS 4 model was calibrated and validated during June 1-8, 2010. 
During this period of time, hydraulic gradients are positive indicating groundwater 
recharge conditions are occurring 
RMSE is 0.76 ºC which 
the calibration model run. For the validation, the RMSE 
of the overall range of the temperatures throughout the validation model run. 
sensitivity analysis is plotted on a semi
logarithmic and the y-axis linear
suite of very low permeabilities
no-flow conditions, that can produce a low RMSE.
groundwater flow may be occurring, advection is nevertheless not the dominant 
heat-flow mechanism. Instead, conduction is. 
 
Figure 8: SRS 4 best fit calibration run during period of time with 
gradient. Model was run between June 1, 2010 and June 8, 2010.
(Figures 8 and 9). For the calibration, the 
is 9% of the overall range of the temperatures throughout 
is 0.91 ºC which 
-logarithmic graph, with the x
 (Figure 10). This plot shows that there are a 
, some so low that the model is essentially under 
 Therefore, though 
 
positive
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is 11% 
The 
-axis 
 
 hydraulic 
Figure 9: SRS 4 validation run for period of time with 
was run between June 1, 
 
Figure 10: SRS 4 sensitivity analysis of 
their respective permeability multipliers (k Multiplier). The y
is logarithmic. 
positive hydraulic gradient.
2010 and June 8, 2010. 
the Root Mean Square Errors (RMSE) against 
-axis is linear and the x
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-axis 
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 The TS/Ph 6b model was calibrated and validated during June 10-18, 
2010. During this period of time, hydraulic gradients are negative indicating 
groundwater discharge conditions are occurring (Figures 12 and 13). For the 
calibration, the RMSE is 0.13 ºC which is 3% of the overall range of the 
temperatures throughout the calibration model run. For the validation, the RMSE 
is 0.77 ºC which is 15% of the overall range of the temperatures throughout the 
validation model run. Like SRS 4, the sensitivity analysis is also plotted on a 
semi-logarithmic graph, with the x-axis logarithmic and the y-axis linear. Here, 
there is a distinct RMSE minimum, indicating that there is one best-fit 
permeability for this specific model. This best-fit permeability is large enough to 
allow substantial groundwater flow, allowing for the advection of heat. 
 
 
Figure 11: TS/Ph 6b best fit calibration run during period of time with negative hydraulic 
gradient. Model was run between June 10, 2010 and June 18, 2011.
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Figure 12: TS/Ph 6b validation run for period of time with negative hydraulic gradient. 
Model was run between June 10, 2010 and June 18, 2010. 
 
 
Figure 13: TS/Ph 6b sensitivity analysis of the Root Mean Square Errors (RMSE) against 
their respective permeability multipliers (k Multiplier). The y-axis is linear and the x-axis 
is logarithmic. 
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Model Results 
 The model runs at SRS 4 indicate that groundwater discharge and 
recharge are very low, so low that they may be negligible (Table 1). When 
hydraulic gradients are negative, the model run has an RMSE of 0.31 °C which is 
5% of the overall range of the temperatures throughout the model run. When 
hydraulic gradients are positive, the model run has an RMSE of 0.76 °C which is 
9% of the overall range of the temperatures throughout the model run. 
 The model runs at TS/Ph 6b indicate that groundwater discharge and 
recharge occur (Table 1). When hydraulic gradients are negative, indicating 
groundwater discharge conditions dominate, the model run has an RMSE of 0.13 
°C which is 3% of the overall range of the temperatur es throughout the model 
run. When hydraulic gradients are positive, indicating groundwater recharge 
conditions dominate, the model run has an RMSE of 0.41 °C which is 11% of the 
overall range of the temperatures throughout the model run. 
 Groundwater discharges at SRS 4 range from 5.4E-04 mm/day for the 
period of negative hydraulic gradients to -1.3E-03 mm/day for the positive 
hydraulic gradients. However, these represent maximum rates, and overestimate 
the magnitudes if the actual permeability is lower than the model permeability. 
Groundwater discharges at TS/Ph 6b range from 4.8E-01 mm/day for the 
negative hydraulic gradient period to -1.4E-01 mm/day for the positive hydraulic 
gradient period. These values are large enough to indicate that there is both 
groundwater discharge from the SAS to the slough and groundwater recharge 
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from the slough to the SAS, depending on the varying conditions of the hydraulic 
gradient. 
 
 Table 1: Model results including error terms and fluxes. Positive fluxes imply 
groundwater discharge; negative fluxes imply groundwater recharge. 
Model Run Root Mean Square Error °C  
% of RMSE to 
Overall 
Temperature 
Range 
Model Flux 
mm/day 
SRS4 Negative Hydraulic 
Gradient 0.31 5 5.4E-04 
SRS4 Positive Hydraulic 
Gradient 0.76 9 -1.3E-03 
TS/Ph6 Negative 
Hydraulic Gradient 0.13 3 4.8E-01 
TS/Ph6 Positive 
Hydraulic Gradient 0.41 11 -1.4E-01 
 
26 
 
 
 
 
DISCUSSION 
 
 Groundwater discharge was successfully modeled in the oligohaline 
ecotone in both Shark and Taylor Sloughs. The two models were successfully 
calibrated and validated by matching modeled and measured temperatures over 
selected time periods with very low statistical error. The groundwater discharges 
that were then calculated can be considered good estimates of groundwater 
discharge from the SAS to the oligohaline ecotone and groundwater recharge 
from the oligohaline ecotone to the SAS for the modeled time periods, which 
were selected to represent the range of conditions during the period of study.  
Results indicate that, during the period of study, groundwater discharges 
were small and perhaps negligible in Shark Slough but relatively large and 
perhaps significant in Taylor Slough. These results imply that primary productivity 
may be enhanced by the discharge of brackish, phosphorus-rich groundwater, at 
least in Taylor Slough. . Even though some studies suggest that the source of 
phosphorous in the coastal Everglades could be atmospheric (Sutula et al., 
2001), these model results support the hypothesis that groundwater discharge 
does occur in the oligohaline ecotone of Taylor Slough, potentially bringing with it 
dissolved phosphorus (Price et al., 2006). 
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 Temperature was also used successfully as a calibration tool. In Shark 
Slough, the model could have been calibrated to any number of low 
permeabilities, all of which corresponded to low or even negligible groundwater 
flows, indicating that the main driver of heat flow is by conduction, as very little 
groundwater passes through the model domain under any calibrated condition. 
The reported values of groundwater discharge and recharge should therefore be 
considered the maximum values possible during the period of study. In Taylor 
Slough, the model was calibrated to a specific and relatively high permeability, 
suggesting that the flow of heat was due to the advection of groundwater up (i.e., 
groundwater discharge) and surface water down (i.e., groundwater recharge).  
 At Shark Slough, modeled magnitudes and timing of groundwater 
discharge differ from those found by Saha et al. (in review). Using a water budget 
approach, they calculated net annual groundwater discharge between 2002 and 
2008, concluding that the average net annual groundwater discharge is 400 
mm/yr, or about 1.1E00 mm/day. However, they also report great deal of inter-
annual variability. The year with the lowest net annual groundwater discharge 
had a total annual groundwater discharge value of -88 mm/yr, or -2.4E-01 
mm/day; the year with the highest net annual groundwater discharge had a total 
annual groundwater discharge of 673 mm/yr, or 1.7E00 mm/day. The 
groundwater discharge values calculated in this study range from 5.4E-04 
mm/day for the groundwater discharge condition to -1.3E-03 mm/day for the 
groundwater recharge condition, both of which are lower by several orders of 
magnitude. 
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 Saha et al. (in review) also found that groundwater discharge is greatest 
during the late spring and early summer, and that groundwater recharge is 
greatest in late winter and early spring. In this study, model runs were limited to 
those periods when hydraulic gradients were relatively constant; these conditions 
were uncommon, limiting when the models could be run. Nevertheless, model 
runs show little groundwater discharge in August, immediately after Saha et al. 
(in review) suggests that groundwater discharge is greatest, and little 
groundwater recharge in June, immediately after Saha et al. (in review) suggests 
that groundwater recharge is greatest. 
Likewise, at Shark Slough, modeled magnitudes of groundwater discharge 
also differ from those found by Chris Smith of the U.S. Geological Survey (C. 
Smith, unpublished data), who used naturally occurring radon as a tracer and 
determined that groundwater discharges are 20 mm/day ±18 mm for the wet 
season and 160 mm/day ±130 mm for the dry season. These latter values most 
likely overestimate the flux since these specific data were collected for only one 
day which might not be representative of the average conditions. 
 At Taylor Slough, modeled magnitudes and timing of groundwater 
discharge are comparable to those found by Zapata-Rios (2009). Using a water 
budget approach, he calculated groundwater discharge in Taylor Slough in 2008 
and 2009. He concluded that groundwater discharge was 9.6E-01 mm/day in 
both June 2008 and 2009. This is the same order of magnitude as the modeled 
groundwater discharge of 4.8E-01 mm/day for June 2010 found in this study. 
Likewise, he concluded that groundwater discharges were 5.2E-01 mm/day and -
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2.5E-01 mm/day in January 2008 and 2009, respectively. The value in January 
2009 was of the same order of magnitude as the modeled groundwater 
discharge of -1.4E-01 mm/day for January 2011 found in this study; however, the 
value in January 2008 was not of the same order of magnitude as the modeled 
groundwater discharge of -1.4E-01 mm/day for January 2011 found in this study.  
Zapata-Rios (2009) also found that groundwater discharge extends for 
much of the year, while no such pattern is apparent from this study. However, 
inter-annual variations in precipitation and related surface-water and groundwater 
flows are to be expected (Obeysekera et al., 1999), which may account for the 
slight discrepancies between the two studies. 
 Conversely, at Taylor Slough, modeled magnitudes of groundwater 
discharge differ from those found by Michot et al. (2011), who modeled surface-
water outflows from lower Taylor Slough, concomitantly modeling a net 
groundwater discharge of 665 mm for the dry season, or an average 4.0E00 
mm/day. This larger value may in part be due to Michot et al. (2001) using 
groundwater discharge as a calibration tool to model surficial flows, rather than 
calculating modeled groundwater discharge directly by using some other 
parameter as a calibration tool. 
 The models developed for this study had some limitations due to spatial 
variability. For this study, there were initially four sites where probes were 
deployed, two in Shark Slough and two in Taylor Slough. One site for each 
slough had to be eliminated due to the lack of specific data: at the other Shark 
Slough site, adequate temperature data were lacking; at the other Taylor Slough 
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site, adequate salinity and hydraulic head data were lacking. This not only limited 
the number of locations to a total of two, it also meant that local conditions may 
have played disproportionately large roles in the findings. SRS 4 is located at the 
interface between the slough and mangrove, with a deep channel adjacent to a 
relatively higher hammock. This vertical relief might facilitate lateral flow from the 
slough into the bank, meaning that the assumption of one-dimensional flow may 
not be entirely appropriate. This is possibly why there is a mismatch of modeled 
and measured temperatures at the 100 cm depth. Low, but potentially significant 
lateral flows induced by tidal fluctuations from the channel to the hammock, and 
vice versa, could be the cause. Conversely, TS/Ph 6b is located in a relatively flat 
environment, where the assumption of one-dimensional flow is appropriate. 
 The models developed for this study also had some limitations due to 
temporal variability. The model was calibrated, validated, and run using data from 
16-day windows of time with maximum surface/subsurface temperature contrasts 
during a single year. However, a single year is not representative in south 
Florida, where climate and associated freshwater flows vary inter-annually 
(Obeysekera et al., 1999) and likely causes groundwater discharge to vary inter-
annually (Saha et al., in review). Using data from multiple years would provide a 
better range of conditions to better constrain the rates and timings of 
groundwater discharge and recharge. 
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